The Arctic is a sentinel of global change. This region is influenced by multiple physical and socio-14 economic drivers and feedbacks, impacting both the natural and human environment. Air pollution is 15 one such driver that impacts Arctic climate change, ecosystems and health but significant 16 uncertainties still surround quantification of these effects. Arctic air pollution includes harmful trace 17 gases (e.g. tropospheric ozone) and particles (e.g. black carbon, sulphate) and toxic substances (e.g. 18 polycyclic aromatic hydrocarbons) that can be transported to the Arctic from emission sources 19 located far outside the region, or emitted within the Arctic from activities including shipping, power 20 production, and other industrial activities. This paper qualitatively summarizes the complex science 21 issues motivating the creation of a new international initiative, PACES (air Pollution in the Arctic: 22
Introduction 32
Arctic ecosystems, climate, and societies are affected by air pollution from both remote and local 1 sources. However, because both the environment and economy of the Arctic are rapidly changing, 2
Arctic air pollution is influenced by a complex web of environmental and atmospheric feedbacks and 3 socio-economic responses. Changes in atmospheric pollutants such as aerosol particles and 4 tropospheric ozone affect the atmospheric radiation balance, and contribute to Arctic climate 5 warming (Shindell and Faluvegi, 2009 ). The resulting sea ice loss may increase accessibility of the 6
Arctic, leading to increases in air pollutant emissions within the Arctic from activities such as oil and 7 gas extraction or shipping. It is thought that Northern Hemisphere mid-latitude emissions (from 8
Europe, Asia, and North America) are currently the main source of air pollutants in the Arctic (Stohl ,  9 2006; Sharma et al., 2013), including also toxic contaminants with important atmospheric pathways 10 (e.g. mercury (Hg), certain persistent organic pollutants (POPs)) However, sources of air pollution 11 from within the Arctic or nearby sub-Arctic (defined here as 'local') are already important in some 12
regions (e.g., Stohl et al. 2013) , and these and other sources may grow rapidly in the future (Corbett 13 et al., 2010; Peters et al., 2011). 14 It is crucial to improve quantification of the relative contributions of different anthropogenic 15 pollutant sources to provide a sound scientific basis for sustainable solutions and adaptive strategies. 16 The rapid pace of Arctic environmental change puts a high priority on improving understanding of 17 processes controlling sources and fate of Arctic air pollutants and their impacts on Arctic 18 communities. Deficiencies in predictive capability and a lack of observations at high latitudes 19 present major challenges to advancing this understanding, and to making credible near-and long-20 term projections of Arctic environmental change. 21 Here, we describe a new international initiative -air Pollution in the Arctic: Climate, Environment 22 and Societies (PACES) (see www.igacprojects.org/PACES) which has been recently launched 23 following recognition within the international community 1 for a need to improve our understanding 24 of Arctic air pollution and its impacts. This paper outlines our views about how these issues could be 25 tackled with future collaborative research efforts. The PACES initiative is being developed under the 26 auspices of the International Global Atmospheric Chemistry project (IGAC) (under Future Earth) 27 and the International Arctic Science Committee (IASC-Atmosphere Working Group (WG)). PACES 28 will benefit the wider community by providing improved scientific knowledge on processes 29 controlling air pollutants in the Arctic, in particular those linked to economic and climate change 30 potential to impact Arctic climate (Shindell and Faluvegi, 2009; Sand et al., 2015) . The sensitivity of 23 Arctic climate to emissions of pollutants is not well characterised, particularly from local Arctic 24 sources. 25 The Arctic lower troposphere is influenced by pollution from local sources and sources in high-26 latitude Eurasia, which are currently poorly quantified. These sources include emissions associated 27 with resource extraction (e.g. flaring of gas associated with oil production; Stohl et al. Russian Arctic has been estimated to be the dominant contributor to black carbon concentrations in 9 the atmosphere and surface snow in this portion of the Arctic (Stohl et al., 2013) but these emissions 10 are highly uncertain. For example, the officially stated volumes of flared gas in Russia, reported by 11 oil and gas companies, differ greatly from satellite-based data (e.g. Vasileva et al, 2015) . There is 12 evidence that use of wood for household heating could be an important source of absorbing and non-13 absorbing particles as well as toxic compounds such as polycyclic aromatic hydrocarbons (PAHs). 14 Indications are that such domestic combustion has increased during the last ten to fifteen years 15 
Processing, fate and impacts of Arctic pollution on climate and ecosystems
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The environmental fate of airborne pollutants in the Arctic is largely determined by transfer from the 33 atmosphere to the surface, and is thus influenced by the stratified vertical structure of the Arctictroposphere (see 3.1). Understanding vertical transport within the Arctic is one of the key 1 uncertainties in evaluating the impacts of extra-Arctic pollutants on Arctic biogeochemical systems. 2
Early studies, mainly on the Greenland ice sheet, measured in-situ dry deposition rates of aerosol 3 constituents, and samples from deposited and precipitating snow (e.g. Davidson et al., 1987; Bergin 4 et al., 1994; 1995) . Despite these early studies, rates of dry deposition to the large-scale Arctic 5 surface in models, and wet scavenging within and underneath liquid-phase, ice-phase and mixed-6 phase clouds remain poorly constrained. Lack of understanding of pollutant deposition rates may be 7 a key driver for the poor skill of many models in simulating the seasonal cycle and magnitude of 8 aerosol pollutants when compared to Arctic measurements (AMAP, 2015; Eckhardt et al., 2015). In 9 particular, disagreement with observations has been shown to be sensitive to the representation of 10 wet scavenging and aerosol microphysical (e.g., black carbon aging) processes in models (e.g., example, thawing permafrost is associated with elevated emissions of methane, which is a potent 32 long-lived greenhouse gas as well as an important species that affects the tropospheric OH budget 33 (e.g., Wuebles and Hayhoe, 2000). All of these emissions alter atmospheric chemical processing inthe Arctic atmosphere, where photochemical oxidation has large temporal variability due to strong 1 variation of solar insolation between polar night and polar day. 2
Earth system and chemistry-transport models, combined with simplified climate models and metrics 3 (e.g. UNEP-WMO 2011), form the basis for climate policy development. The fact that most models 4 currently cannot adequately replicate observations, particularly the vertical profile (Figs. 3, 4) , 5 therefore has important implications for estimates of the climate impacts from Arctic air pollutants. 6
The deposition and vertical transport processes themselves need to be studied in the context of 7 pollutant deposition and re-emission (e.g. nitrate or contaminants such as mercury and persistent 8 organic pollutants (POPs) from snow surfaces). The Arctic is a key receptor region for long-range 9 transport of both POPs and mercury (Hg), which can accumulate particularly in the Arctic 10 environment due to low temperatures, snow covered surfaces and extended conditions of darkness 11 capabilities, covering topical specialities and extensive geographies with multiple groups 27 contributing unique expertise, tools and capacities. PACES also aims to foster and build links with 28
Arctic programmes that do not currently have a strong focus on air pollution and its impacts. This 29 section highlights opportunities for collaboration, which PACES seeks to exploit and drive forward. 30 
Developing a Trans-disciplinary Approach
Field missions and long-term monitoring
34
The PACES initiative will work to develop coordinated international field missions that address the 1 science challenges detailed in Section 2. The remoteness of the Arctic and the particular need for 2 vertical information on pollutants mean that airborne and ground-based in-situ measurements will 3 necessarily play an important role. The goals of these missions will be 1) to challenge model 4 performance regarding long-range transport, vertical distribution, deposition, and impacts on climate 5
2) to improve understanding of chemical and physical processes, especially deposition, 3) to better 6 evaluate local sources, both natural and anthropogenic, and their impacts on Arctic air quality and 7 ecosystems, and 4) to improve understanding of the social and economic interactions between Arctic 8 air pollution and local populations and ecosystems. Any future measurement programs will need to 9 collaborate closely with local residents, not only to understand the societal interactions with air 10 pollution, but also to engage these important stakeholders in understanding the science and 11 participating in policy development. PACES will develop and exploit new understanding of model 12 process deficiencies, and use these to target new observational mission planning from the outset. of CO can also be used to probe large-scale pollution outflow from continental regions and 28 latitudinal gradients (e.g. Monks et al., 2015) . 29
While collaborations between modellers and groups making campaign observations are traditionally 30 well established, opportunities for collaboration between modellers and long-term monitoring 31 observations are not always fully exploited due, in some cases, to data products which are not readily 32 usable or have poorly documented limitations on their use (Starkweather, 2012; Starkweather andUttal, 2015) . PACES aims to promote closer collaboration between modelling groups and the new 1 WMO GAW science advisory group of the GAW near real-time data modelling applications. 2
Investigator-driven working groups attached to global networks like NDACC and regional "networks 3 of networks" like IASOA already provide a platform for cross-site collaboration and data product 4 development among observational experts. Introducing more modellers into these discussions 5
provides an opportunity to increase the relevance and accessibility of long-term observations to 6 model evaluation and development. 7 Continued model development activities by climate and air pollution science communities can be 5 expected to lead to improved global modelling capabilities that will also benefit Arctic pollution and 6 climate research, especially with regard to a necessary integration of pollutant processes with 7 biogeochemical cycles in ESMs and increased resolution of regional climate processes. A suite of 8 modelling tools of varying complexity is likely required to address the diverse issues discussed in 9 Section 2. New observations in the Arctic are of paramount importance for simulations of Arctic 10 pollutant processes that are either missing or not adequately represented in models, including the 11 transport of pollutants to the Arctic and atmospheric processes governing pollutant vertical profiles. 12
Towards increased model complexity -what opportunities are offered by new
In addition, successful model application to studies of pollution impacts on Arctic communities and 13 economic activities requires that the development of physical models is informed by social sciences. Commercial transport platforms (shipping and aircraft) and new technologies (e.g. 7 unmanned aerial vehicles) should be exploited to improve sampling coverage and 8 frequency especially in regions where data are sparse or completely lacking. 9
Community-based monitoring would enhance spatial and temporal coverage of surface 10 observations while engaging local populations in science and decision-making. Russian 11 Siberia is a region where new observations and collaborative efforts are needed to 12 improve data coverage. 13
3) Improved predictive capability is needed across a range of scales to diagnose wider 14 impacts of Arctic air pollution on regional and global climate and the Earth system, and 15 on local air quality and ecosystems. Results from current state-of-the-art models should 16 be used to target uncertain processes (e.g. wet deposition during transport to and within 17 the Arctic) and regions to be probed by observations, and observation activities should 18 be collaborative between traditional disciplinary groups and with local communities. 19 Modelling efforts should also exploit new capabilities in Earth system modelling, 20 particularly with regard to interactions between atmospheric composition/climate and the 21 biosphere/ocean. Improved regional-scale modelling is required to understand how 22 changes in local sources of air pollutants will modify human and ecosystem exposure to 23 harmful pollutant levels. New observations should be used to critically evaluate model 24 processes across a range of scales to improve predictive capability. Quantification of 25 impacts on societies and economic response requires that social science and economic 26 drivers inform the development of physical models. 27
These recommended efforts should build on, and link to, existing programmes, ranging from 28 networks making highly valuable observations to initiatives tackling closely related issues in 29 different regions of the Arctic. 30
31
The broad recommendations highlighted above should lead to a significant international programme, 32 
